Prior studies have shown that the biological mixture of the two hydrophobic surfactant proteins, SP-B and SP-C, produces faster adsorption of the surfactant lipids to an air/water interface, and that they induce 1-palmitoyl-2-oleoyl phosphatidylethanolamine (POPE) to form inverse bicontinuous cubic phases. SP-B has a much greater effect than SP-C on adsorption. If the two proteins induce formation of the bicontinuous structures and faster adsorption by similar mechanisms, then they should also have differential ability to form the cubic phases. To test this hypothesis, we measured small angle X-ray scattering on the individual proteins combined with POPE. SP-B replicated the doserelated ability of the combined proteins to induce the cubic phases at temperatures more than 25°C below the point at which POPE alone forms the curved inverse-hexagonal phase. With SP-C, diffraction from cubic structures was either absent or present only with larger amounts of protein at low intensities. The correlation between the structural effects of inducing curved structures and the functional effects on the rate of adsorption fits with the model in which SP-B promotes adsorption by facilitating formation of a negatively curved, rate-limiting intermediate structure.
INTRODUCTION
The hydrophobic surfactant proteins (SPs), SP-B and SP-C, accelerate the adsorption of vesicles containing the surfactant lipids to the alveolar air/water interface. With a clean interface, devoid of a film, the high surface tension can drive adsorption of vesicles containing only lipids (1) . When surface tension subsequently approaches the equilibrium spreading value, adsorption requires the proteins (1) . Any model of how the proteins achieve this function must explain two observations. First, the proteins promote adsorption whether restricted to the vesicles or to preexisting films at the interface (2,3).
These results suggest that the proteins affect a rate-limiting structure that is equally accessible from both locations. Second, a variety of factors affect the kinetics of adsorption according to how they alter the curvature of phospholipid leaflets. The phosphatidylethanolamines (PEs) form the inverse hexagonal (H II ) phase, in which cylindrical monolayers have negative net curvature, with a concave hydrophilic surface.
Gramicidin A enhances the negative net curvature of lipids in the H II phase (4) . Both PE and gramicidin A increase rates of adsorption (3, (5) (6) (7) . Lysophosphatidylcholine, which forms positively curved micelles, instead inhibits adsorption (7) . These results collectively suggest a model of adsorption that is limited by formation of an hour-glass structure in which the outer leaflet of the vesicles forms two segments that bend back upon themselves to insert with the correct orientation into the air/water interface (8, 9) ( Fig. 1 ). Both the net (c 1 +c 2 ) and Gaussian (c 1 ·c 2 ) curvatures of the monolayers in this kinetic intermediate would be negative. The proteins would accelerate adsorption by facilitating the formation of these rate-limiting structures.
Until recently, direct evidence that the proteins can affect curvature has been lacking.
The surfactant lipids, with or without the proteins, form lamellar bilayers, which conceal any tendency of the lipids to curve. A change in the spontaneous curvature of the leaflets induced by the proteins would be cancelled by the oppositely oriented, paired leaflet.
Any change in the flexibility that would facilitate curvature in a transient intermediate during adsorption would remain unexpressed in the stable bilayer. The proposed effects of the surfactant proteins could be present in lamellar structures, but they would remain undetectable.
Lipids can form lamellar bilayers despite a tendency of their leaflets to curve because of a balance of energies. Curvature of a leaflet requires imperfect packing of acyl chains (10, 11) , which would be optimized in planar bilayers. If the energy of disrupted packing dominates the energy of bending away from the spontaneous curvature, then the leaflets remain lamellar. Introducing a more negative spontaneous curvature may shift the balance of energies, allowing the lipids to express effects on the tendency to curve that would otherwise be hidden. 1-palmitoyl-2-oleoyl phosphatidylethanolamine (POPE) forms the inverse hexagonal (H II ) phase above 71°C. At lower temperatures where POPE by itself exists as lamellar bilayers, the SPs induce formation of inverse bicontinuous cubic (Q II ) phases. In these continuously saddle-shaped bilayers, each monolayer has the negative net and Gaussian curvatures that characterize the hypothetical rate-limiting intermediate of adsorption (Fig. 1) . These results show directly that the SPs can alter the curvature of lipid structures.
The advantages of substituting POPE for the surfactant lipids are mixed. The thermodynamically stable structures allow tests for effects on curvature that would be functionally important but elusive in transient intermediates, and inapparent in lamellar bilayers. The motivation, however, for forming the curved structures during adsorption of the surfactant lipids and with a PE would differ. The reduction in interfacial energy caused by the nascent film would drive formation of the hypothetical, curved, transient intermediate during adsorption of the surfactant lipids. The PEs instead form curved structures because of their effective molecular shape (12) (13) (14) . Without an understanding of how the proteins induce POPE to form the Q II phases, the relevance of that structural effect to the adsorption of the surfactant lipids is uncertain.
The different abilities of the individual surfactant proteins to promote adsorption provide a simple test of the predicted relationship between structure and function. SP-B and SP-C both promote adsorption, but SP-B achieves its effect in much lower amounts (15) . If induction of the Q II phases by the combined proteins reflects effects that contribute to the acceleration of adsorption, then SP-B should promote the Q II phases at much lower levels than SP-C. The studies reported here tested that hypothesis by using small angle X-ray scattering (SAXS) to determine how the individual proteins purified from calf surfactant affect the phase behavior of POPE.
MATERIALS AND METHODS

Materials:
1-palmitoyl-2-oleoyl phosphatidylethanolamine (POPE) and dioleoyl phosphatidylcholine (DOPC) were purchased from Avanti Polar Lipids (Alabaster, AL) and used without further characterization or purification. All reagents and solvents were 
Methods:
Separation of the surfactant proteins: The combined hydrophobic proteins were obtained from CLSE by gel permeation chromatography with a matrix of LH-20 (17, 18) . SP-B was separated from the combined proteins by licensed use of a patented procedure (19, 20) based on the preferential partitioning of SP-B and SP-C into different phases formed by chloroform-methanol-water (21) . The upper methanol-rich layer contained pure SP-B, which was dried by rotary evaporation and resuspended in chloroformmethanol (1:1, v:v). The lower chloroform-rich layer contained both proteins, which were separated by gel permeation chromatography on a matrix of LH-60 (22, 23) 
Preparation of vesicles:
The proteins were combined with the lipids in mixtures of chloroform and methanol, the ratio of which varied with the content of protein. Solvent was evaporated initially under a stream of nitrogen followed by incubation overnight at 2 mbar. For studies using small-angle x-ray scattering (SAXS), the lipid-protein mixtures were dispersed in 2 mM EDTA with 0.002% (w:w) NaN 3 to a final concentration of 50 mM phospholipid by hydrating overnight at 4 ºC followed by vigorous vortexing and cyclic freezing and thawing. The samples were transferred to capillaries (1.0 mm diameter, 0.01 mm wall thickness; "special glass"; Charles Supper, Natick, MA), centrifuged at 640 x g max for 10 min, sealed with flame and epoxy, and stored at 4°C until use.
For studies of adsorption, vesicles were suspended in HS buffer (10 mM HEPES pH 7.0, 150 mM NaCl) to a final concentration of 16 mM phospholipid by vortexing, cyclic freeze-thawing, and extrusion 11 times at room temperature through a polycarbonate filter with pores of 100 nm (Whatman, Maidstone, U.K.). The average hydrodynamic radius, determined by dynamic light scattering (Protein Solutions Dynapro, Wyatt, Santa Barbara, CA), was 75 ± 25 nm for the vesicles containing the individual proteins, and 105 ± 32 nm with the combined proteins.
Adsorption: Kinetic measurements of adsorption monitored the fall in the surface tension of a captive bubble at ambient temperatures after injecting the samples containing the proteins combined with DOPC into a subphase of HSC (10 mM HEPES pH 7.0, 150 mM NaCl, 1.5 mM CaCl 2 ) to a final concentration of 0.5 mM phospholipid. The apparatus used to contain the captive bubble has been described previously (27) . A computer analyzed the imaged profile of the bubble in real time to calculate surface tension and surface area, and used simple feedback to control infusion and withdrawal of buffer from the subphase by a syringe pump to hold area constant.
Small angle x-ray scattering: Diffraction was measured on beamline 1-4 at the Stanford Synchrotron Radiation Lightsource (SSRL). Up to 20 capillaries were mounted on an aluminum block, the temperature of which was controlled with water pumped from a circulating bath and monitored with an externally applied thermocouple. Blocktemperatures were converted to sample-temperatures according to relationships established by melting a series of compounds with known melting points. Samples were equilibrated for at least 10 minutes at each temperature before exposure to radiation with a wavelength of 1.488 Å for 120 seconds. Angular dependence was calibrated using standard samples of silver behenate, cholesterol myristate, and lead stearate. The rings produced by powder diffraction were radially integrated using the program Fit2D (28) to obtain plots of intensity versus the scattering vector (q). Lamellar, hexagonal, and cubic Intensities were well below the levels for samples with the combined proteins and with SP-B. Resuspension of the lipid-protein mixtures in HSC rather than EDTA produced no effect on the results.
RESULTS
Our samples used proteins that were separated from the surfactant lipids by established methods (17, 18, 23) . The combined proteins provided by this procedure were then separated from each other using a licensed protocol based on the differential extraction of the individual proteins (19, 20) . Electrophoresis on gradient gels showed molecular weights of roughly 21 and 8 kDa for the unreduced and reduced samples of SP-B, respectively. These mobilities were consistent with results obtained previously for These results agreed with the previously published finding (15) that SP-B is more effective in promoting adsorption than SP-C.
Measurements of SAXS for POPE alone and with the combined proteins produced expected results. POPE by itself converted from one lamellar spacing to another between 21 and 30°C, and to a hexagonal phase beginning at 70°C (Fig. 4,5) . These results were consistent with the calorimetrically determined transitions from L β' to L α phases at 26°C
(33), and from L α to H II at 71°C (34). The combined proteins induced diffraction at intervals expected from cubic space groups (Fig. 4,5) . In samples containing 0.01% SP, diffraction consistent with Pn _ 3m structures began at 61°C; Im _ 3m spacing emerged at 70°C (Fig. 4,5 ). Increasing amounts of protein lowered the temperature at which the cubic phases first appeared, reaching 30°C at 5% SP (Fig. 5) . The hexagonal phase, which coexisted with the Q II phases in samples containing small amounts of protein, was absent at > 0.03% SP (Fig. 5) . Results with the combined proteins suggested a dosedependent decrease in the lattice-constant of the Q II structures that had not been apparent from our previous measurements (Fig. 6A,C) . In other respects, our findings here confirmed the results reported previously for the combined proteins with POPE (30).
SP-B alone produced similar effects. Like the combined proteins, SP-B produced no change in either the transition-temperatures of the lamellar phases or their latticeconstants. Small amounts of SP-B, similar to the levels of the combined proteins that achieved the same effect, induced the Q II phases (Fig. 4-6 ). Diffraction for both Pn _ 3m
and Im _ 3m space groups appeared with as little as 0.03% SP-B (Figs. 4-6 ). Like the combined proteins, greater amounts of SP-B lowered the temperature at which the Q II phases appeared, reaching 43°C for the Im _ 3m space group at 5.0% SP-B. Results with SP-B also suggested the dose-dependent decrease in the lattice-constant of the Q II structures, particularly at the lower temperatures (Fig. 6 ). In these several respects, SP-B replicated the effects of the combined proteins on the phase behavior of POPE.
In contrast, SP-C produced little change in the behavior of the lipids. The protein in concentrations from 0.01 -1.0% had no effect on the transition-temperatures or the lattice-constant for the lamellar or the H II phases. SP-C either failed to produce any evidence of the Q II phases (Fig. 4,5 
DISCUSSION
The studies reported here provide a simple test of a model for how the hydrophobic surfactant proteins promote adsorption. The model predicts that the proteins facilitate formation of an hourglass-shaped stalk that connects the adsorbing vesicle to the air/water interface (Fig. 1) . Consistent with the model, low amounts of the combined proteins induce POPE to form Q II phases, in which each leaflet has the negative net and 
Formation of a Q II phase therefore requires
Although we performed no direct measurements of c o m or δ, the invariance of the H IIlattice at different levels of SP-B (Fig. 5) In summary, SP-B, but not SP-C, replicates the ability of the combined proteins to induce POPE to form Q II phases more than 25°C below the L α -H II transition for the lipid alone.
These results fit with a model that explains the much greater ability of SP-B than SP-C to promote faster adsorption in terms of effects on a rate-limiting structure in which lipid leaflets have negative net and Gaussian curvatures. 
